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ABSTRACT Vitamin K-dependent (VKD) proteins re-
quire modification by the VKD-g-glutamyl carboxylase, an
enzyme that converts clusters of glus to glas in a reaction that
requires vitamin K hydroquinone, for their activity. We have
discovered that the carboxylase also carboxylates itself in a
reaction dependent on vitamin K. When pure human recom-
binant carboxylase was incubated in vitro with 14CO2 and then
analyzed after SDSyPAGE, a radiolabeled band correspond-
ing to the size of the carboxylase was observed. Subsequent gla
analysis of in vitro-modified carboxylase by base hydrolysis
and HPLC showed that all of the radioactivity could be
attributed to gla residues. Quantitation of gla, asp, and glu
residues indicated 3 mol glaymol carboxylase. Radiolabeled
gla was acid-labile, confirming its identity, and was not
observed if vitamin K was not included in the in vitro reaction.
Carboxylase carboxylation also was detected in baculovirus-
(carboxylase)-infected insect cells but not in mock-infected
insect cells, which do not express endogenous VKD proteins or
carboxylase. Finally, we showed that the carboxylase was
carboxylated in vivo. Carboxylase was purified from recom-
binant carboxylase BHK cells cultured in the presence or
absence of vitamin K and analyzed for gla residues. Carbox-
ylation of the carboxylase only was observed with carboxylase
isolated from BHK cells cultured in vitamin K, and 3 mol
glaymol carboxylase were detected. Analyses of carboxylase
and factor IX carboxylation in vitro suggest a possible role for
carboxylase carboxylation in factor IX turnover, and in vivo
studies suggest a potential role in carboxylase stability. The
discovery of carboxylase carboxylation has broad implications
for the mechanism of VKD protein carboxylation and War-
farin-based anti-coagulant therapies that need to be consid-
ered both retrospectively and in the future.

Vitamin K-dependent (VKD) proteins undergo an unusual
posttranslational modification required for their biological
activity, namely the carboxylation of clusters of glu residues to
g-glutamyl glus, or glas, in a region of the VKD proteins called
the gla domain (1, 2). Carboxylation of the VKD proteins
effects their Ca21-mediated interaction with phospholipid
bilayers and is carried out by an integral membrane endoplas-
mic reticulum enzyme, the VKD-g-glutamyl carboxylase. The
carboxylase modifies VKD substrates by using CO2, O2, and
vitamin K hydroquinone as cofactors, and the carboxylase is
also an epoxidase, converting the vitamin K hydroquinone to
vitamin K 2,3-epoxide. Subsequent regeneration of the vita-
min K hydroquinone cofactor is carried out by a reductase that
has been characterized but not yet identified (3, 4). Carbox-
ylation of the gla domain involves the modification of multiple
glus, ranging from 3 to 12 for the different VKD proteins. This
multiplicity raises the question of whether the carboxylase is a
processive enzyme, i.e., effecting all modifications as a result
of a single binding event. When purified bovine liver carbox-

ylase was coincubated with an excess of a substrate derived
from the factor IX (fIX) propeptide plus gla domain and the
extent of fIX carboxylation was analyzed, some fully carbox-
ylated fIX was observed among many intermediate forms,
suggesting some degree of processivity (5).

The known VKD proteins presently comprise a family of '1
dozen proteins. Although the first VKD proteins identified
were ones involved in hemostasis, VKD proteins involved in
bone morphogenesis and in growth regulation also have been
identified (6–8). Identification of the cDNA sequences for
these VKD proteins revealed a homologous peptide, which is
not observed in noncarboxylated proteins, that subsequently
was shown by mutational analysis to be a recognition sequence
for the carboxylase (9, 10). In most cases, this peptide is a
propeptide that is cleaved from the VKD proteins during their
secretion. There is also a limited amount of homology among
the VKD proteins within the gla domain. Most of the known
VKD proteins (factor VII, fIX, factor X, protein S, protein C,
protein Z, prothrombin, and gas6) have very similar sequences
in the gla domain whereas the matrix gla protein and bone gla
protein are more divergent. However, even the bone gla
protein and matrix gla protein share some homology with the
remaining VKD proteins over an '7-aa stretch in the gla
domain.

When assessed by using an assay measuring the carboxyla-
tion of small peptide analog substrates derived from the gla
domain, g-glutamyl carboxylase peptide activity has been
detected in most tissues examined in higher organisms. The
carboxylase has been purified from bovine liver and from the
human 293 cell line (11–13), and a cDNA encoding the human
carboxylase has been isolated (14). This cDNA encodes a
95-kDa protein confirmed to be the carboxylase by its ability
to effect peptide activity when expressed in baculovirus-
infected insect cells, which do not otherwise contain carbox-
ylase activity (15). The cDNA sequence for the carboxylase
does not predict any functional domains: A weak homology to
lipoxygenases was detected, and some homology to the car-
boxylase recognition sequence of matrix gla protein (but not to
any other VKD protein) was reported (14, 16). It was therefore
surprising when we discovered that the carboxylase itself is a
VKD protein. The evidence demonstrating carboxylase car-
boxylation is presented here, along with potential functional
consequences of this newly identified carboxylase modifica-
tion.

MATERIALS AND METHODS

Generation of r-Carboxylase Cell Lines. A stably transfected
cell line overexpressing carboxylase activity was generated by
transfecting the plasmid r-carbyZEM229, which contains a
human r-carboxylase cDNA in the vector ZEM229 (17), into
BHK cells. After selection in 1 mM methotrexate, individual
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colonies were screened for r-carboxylase expression by a
carboxylase peptide activity assay (18) as well as by Western
blot analysis using an a-carboxylase antibody (Ab) (see below).

A BHK cell line stably expressing r-fIX and overexpressing
carboxylase activity by 70-fold was generated by cotransfecting
the plasmids r-fIXyZEM229, which contains the human r-fIX
cDNA in the vector ZEM229, and r-carbyZEM228, containing
the human r-carboxylase cDNA in the vector ZEM228 (19).
After selection in 0.5 mgyml G418 and 150 nM methotrexate,
colonies were screened by using an ELISA on secreted fIX (11)
and a peptide carboxylase activity assay on cell lysates (18).

Purification of the Carboxylase. Carboxylase was purified
from r-carboxylase BHK cells cultured in the presence or
absence of vitamin K (5 mgyml) after preparing microsomes
from 109 cells, as described (11). The microsomes (10 ml, 15
mg) were solubilized in 50 mM Tris (pH 7.4), 200 mM NaCl,
0.3% CHAPS {3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate}, and 2 mM phenylmethylsulfonyl f luoride
by rocking for 1 h followed by centrifugation for 1 h at 45K rpm,
all at 4°C. The supernatant was adsorbed overnight at 4°C to
an a-C-terminal carboxylase peptide Ab coupled to CNBr-
activated Sepharose (1 ml, 5 mgyml of affinity-purified Ab per
milliliter of resin; the C-terminal peptide comprised aa 744–
758 of the human carboxylase). The resins were washed at
room temperature as described (11), and the carboxylase was
eluted overnight at room temperature by using a mixture of 100
mM C-terminal peptide and 100 mM factor X propeptide
(added to stabilize the carboxylase) in 50 mM Tris (pH 7.4),
500 mM NaCl, 0.05% CHAPS, 0.05% phosphatidyl choline,
and 5 mM DTT. All fractions were monitored for carboxylase
by using a peptide assay (see below), and the peptide eluants
were stored at 280°C.

To purify the carboxylase from r-carboxylase, r-fIX BHK
cells, microsomes (30 ml, 60 mg) prepared from 4 3 109 cells
cultured without vitamin K, were solubilized for 1 h in 50 mM
Tris (pH 7.4), 200 mM NaCl, 0.5% CHAPS, and 2 mM
phenylmethylsulfonyl f luoride, followed by centrifugation at
45,000 rpm for 1 h at 4°C. The supernatant was adsorbed to an
a-fIX column, and carboxylase was eluted with propeptide as
described (11). The propeptide eluant was assayed and stored
at 280°C. To show that no fIX was present in the propeptide
eluant, aliquots from several preparations were tested in an
ELISA (11). Purified carboxylase preparations also were
tested for fIX in Western blot analysis using affinity-purified
polyclonal a-fIX (11) and purified plasma fIX (5–50 ng,
Enzyme Research Laboratories, South Bend, IN) as a control.

Baculovirus containing the human r-carboxylase cDNA was
generated as described (18). Insect cell lysates containing
r-carboxylase were prepared by infecting SF-21 cells (2.5 3
107) with baculovirus(carboxylase) (multiplicity of infection 5
10) and harvesting the cells 42 h postinfection (18). All steps
were performed at 4°C. Cells were dislodged by scraping,
rinsed twice in PBS (10 ml), and resuspended in 5 ml 25 mM
imidazole (pH 7.3), 250 mM sucrose, and 2 mM phenylmeth-
ylsulfonyl f luoride. After sonication, the lysates were centri-
fuged at 3500 rpm for 15 min, and the supernatants were stored
at 280°C.

Carboxylation Assays. Peptide carboxylation was assayed in
a 150-ml mixture of 0.06% CHAPS, 0.06% phosphatidyl
choline, 0.06% sodium cholate, 1 M ammonium sulfate, 5 mM
DTT, 2.5 mM NaH14CO3 (40–50 mCiymmol), 50 mM BES
{N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (pH
7.2)}, 5 mM Boc-Glu-Glu-Leu-Ome, 20 mM factor X propep-
tide, and 10 mg of vitamin K hydroquinone. A similar mixture
lacking the Boc-Glu-Glu-Leu-Ome and propeptide was used
for protein carboxylation. Carboxylation of the fIX–
carboxylase complex was analyzed after isolating the complex
from r-carboxylase, r-fIX BHK microsomes, which were found
to contain '95% of the carboxylase in complex with the
propeptide form of fIX (data not shown). Solubilized micro-

somes (1 ml, 2 mg) were adsorbed to a-C-terminal carboxylase
peptide Ab resin (100 ml, 5 mgyml) and then washed as
described (11). An aliquot (2%) of the resin was assayed for
peptide carboxylase activity to determine the amount of
carboxylase by using a specific activity of 7 3 105 cpmyhymg.
The remaining resin was incubated in 400 ml of a protein
carboxylation mix for varying times after the addition of
vitamin K hydroquinone (20 mg), and the reaction was
quenched by the addition of SDSyPAGE loading buffer.
Samples were electrophoresed, and the gels were washed at
least five times in 40% methanoly5% acetic acid, then dried
and quantitated by PhosphorImager (Molecular Dynamics)
analysis. 14C-methylated BSA standards were included on each
gel for quantitation. Carboxylation of free fIX by pure car-
boxylase was analyzed similarly: A pure population of propep-
tide-containing, full length fIX (profIX) was isolated from a
BHK cell line expressing high levels (15 mgymlyday) of human
r-fIX. As will be presented in detail elsewhere, the mixture of
mature fIX and profIX secreted from this line was chromato-
graphed over an a-fIX propeptide Ab column, and pure
profIX was obtained, as assessed by N-terminal sequence
analysis. ProfIX (850 nM) was preincubated with pure car-
boxylase (35 nM) for 2 h, and, at timed intervals after the
addition of vitamin K hydroquinone (20 mg), samples were
withdrawn and processed as above.

Gla Quantitation. To monitor in vitro carboxylation,
propeptide eluant from r-fIX, r-carboxylase BHK cells was
chromatographed on Q-Sepharose, and the eluant (100 pmol)
was incubated for 10 min in a protein carboxylation reaction
(800 ml) with or without vitamin K (50 mg) followed by
precipitation with 30% trichloroacetic acid (TCA). After
centrifugation and two washes with 100% ethanol, the precip-
itates were resuspended in 100 ml 2.5 N KOH and hydrolyzed
and chromatographed over Dowex columns (20). The samples
were lyophilized twice, then resuspended in water and deri-
vatized with o-phthalaldehyde (20). Samples were injected
onto a C-18 column (ODS hypersil 5 m, 100 3 2.1 mm,
Hewlett–Packard), and a linear gradient of 5–50% acetonitrile
in 10 mM sodium citrate (pH 7) was applied.

To monitor in vivo carboxylation, carboxylase purified from
r-carboxylase BHK cells (20 pmol) cultured in the presence or
absence of vitamin K was TCA precipitated (800 ml peptide
eluant plus 400 ml TCA) and processed as above.

RESULTS

The Carboxylase Is Carboxylated in Vitro. Pure carboxylase
isolated from cells cultured in the absence of vitamin K
incorporated 14CO2 when incubated in an in vitro protein
carboxylation reaction (Fig. 1). Incorporation depended on
vitamin K in the reaction (data not shown). The carboxylase
preparations were homogenous, showing one band of the
expected molecular mass (95 kDa, Fig. 1 A), so incorporation
of 14CO2 was apparently into the carboxylase and not some
contaminant protein.

The carboxylase had been isolated from a fIX–carboxylase
complex derived from r-fIX, r-carboxylase BHK cells: The
fIX-carboxylase complex was adsorbed to an a-fIX Ab column,
and the carboxylase subsequently was eluted by using a propep-
tide to displace it from fIX. The concentration of carboxylase
in the purified preparations was '1 mM. fIX was not detected
in several different preparations using an ELISA sufficiently
sensitive to detect 1024 mM fIX. Moreover, the molecular mass
of the fIX in the fIX–carboxylase complex from which the
carboxylase was purified was 50 kDa (shown below) and not
the 95 kDa molecular mass detected (Fig. 1B). Nonetheless, to
unequivocally demonstrate that the 95-kDa radiolabeled band
was not caused by comigration of a hyperglycosylated form of
fIX with the carboxylase, Western blot analysis was performed.
When the pure carboxylase preparations (3 pmol, Fig. 1A)
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were analyzed by using conditions in which as little as 0.03
pmol fIX could be detected, no fIX cross-reacting material was
observed (data not shown). Thus, the combined ELISA and
Western analysis results showed that the radiolabeled band
(Fig. 1B) was not fIX and that it was the carboxylase that was
being modified by 14CO2. This conclusion was verified inde-
pendently by purifying the carboxylase from r-carboxylase
BHK cells that did not express any other VKD protein by using
a completely different method of purification (shown below).

Carboxylase modification also was observed when the car-
boxylase was expressed in insect cells, which lack endogenous
carboxylase (15). When solubilized microsomes from baculo-
virus(carboxylase)-infected insect cells were incubated in an in
vitro carboxylation reaction, a single radiolabeled band was
observed (Fig. 1C). This band was not detected in mock (Fig.
1C) or wild-type, baculovirus-infected, insect cell-derived mi-
crosomes, and detection depended on the inclusion of vitamin
K in the in vitro reaction (data not shown). The radiolabeled
band was quantitatively immunocaptured by an a-C-terminal
carboxylase antipeptide Ab but not by a control Ab (against
fIX; data not shown).

To determine whether the 14CO2 incorporation into the
carboxylase was due to conversion of glus to glas, pure
carboxylase (Fig. 1A) was incubated in an in vitro reaction,
followed by base hydrolysis and subsequent resolution of
amino acids by HPLC. As a control, a parallel sample was
processed in which vitamin K was omitted from the in vitro
reaction. As shown in Fig. 2, a peak migrating at the position
expected for gla residues (0.8 min) was detected in a vitamin
K-dependent manner. All of the radioactivity was recovered in
the gla peak, with the cpm in this peak accounting for 98% of
the cpm injected onto the C18 column. Quantitation of gla,
asp, and glu peaks by fluorescence indicated an asp-to-glu ratio
of 1.3, which would be predicted from the known sequence of
the human carboxylase (14). The ratio of gla-to-asp indicated
3 mol of gla per mol of carboxylase. To confirm the identifi-
cation of the peak at 0.8 min as a gla residue, in vitro
carboxylated protein also was subjected to acid hydrolysis and
HPLC analysis (data not shown). No peak at 0.8 min was
detected, which was as expected because the gla residue is

acid-labile (21). Thus, the 14C-covalent modification of the
carboxylase observed in the in vitro carboxylation reactions
(Fig. 1 B and C) was clearly due to carboxylation of the
carboxylase.

Carboxylation of the Carboxylase in Vivo. If the carboxylase
is carboxylated in vivo, then carboxylase isolated from cells
cultured in vitamin K-containing medium should already be
carboxylated. This modification should preclude further in-
corporation of 14CO2 in vitro and be detectable by gla analysis.
To determine whether the carboxylase was carboxylated in
vivo, a stably transfected cell line overexpressing r-carboxylase
by 50-fold was generated and analyzed. Both peptide activity
and epoxidase activity also were overexpressed 50-fold, show-
ing that the specific activity of the r-carboxylase was virtually
identical to the endogenous carboxylase. Two sets of solubi-
lized microsomes were prepared from this cell line, differing
only in the addition of vitamin K to one set immediately before
cell line scale up. When these solubilized microsomes were
incubated in an in vitro carboxylation reaction and subse-
quently analyzed, a strong radiolabeled band was observed in
microsomes from cells cultured without vitamin K whereas
only a faint signal was observed with microsomes from cells
cultured with vitamin K (Fig. 3A). The contrast in radiolabel
detection was not caused by low levels of carboxylase in the
microsomes derived from cells cultured in the presence of
vitamin K: Western blot analysis of equivalent amounts of
microsomal protein showed that the levels were not substan-
tially different (data not shown). The difference in carboxy-
lation in the two sets of microsomes strongly suggested that the
carboxylase derived from cells cultured in vitamin K-
containing medium was modified already.

To directly assess carboxylase carboxylation in vivo, carbox-
ylase was purified and subjected to gla analysis. Purification
comprised the adsorption of solubilized microsomes to an
a-C-terminal carboxylase peptide Ab column and subsequent
elution with peptide. The peptide eluants were shown to be
homogenous by SDSyPAGE and silver staining (Fig. 3B). The
carboxylase isolated from cells cultured in vitamin K was '4
kDa larger than that from cells depleted in vitamin K, which
could be due to the gla modifications or to some other
posttranslational modification. When the peptide eluants were

FIG. 1. In vitro modification of the carboxylase. Carboxylase was
purified from a r-fIX, r-carboxylase BHK cell line. Two independent
preparations (lanes 1 and 2, 4 3 106 cpmyh of peptide activity or '6
mg) were analyzed by SDSyPAGE and silver staining (A) and by
incubation in a protein carboxylation reaction followed by SDSyPAGE
and PhosphorImager analysis (B). (C) Solubilized microsomes (100
mg) from baculovirus(carboxylase)-infected or mock-infected SF-21
cells were incubated in a protein carboxylation reaction for 2 min and
then analyzed by SDSyPAGE and PhosphorImager analysis. In par-
allel experiments performed in a reaction lacking vitamin K, no
radiolabeled bands were detected even with incubations up to 2 h (data
not shown).

FIG. 2. Gla analysis of in vitro carboxylated carboxylase. The
propeptide eluant isolated from r-fIX, r-carboxylase BHK cells (100
pmol, Fig. 1) was chromatographed on Q-Sepharose, in vitro carbox-
ylated, and then TCA precipitated and base hydrolyzed. Samples with
or without vitamin K in the in vitro protein carboxylation reaction were
processed in parallel. After the amino acid hydrolysate was resus-
pended in water (25 ml), duplicate aliquots (2 ml) were quantitated for
radioactivity and duplicate samples (10 ml) were analyzed by HPLC.
Peaks corresponding to gla (0.8 min), asp (1.6 min), and glu (3.5 min)
were collected and counted, and the radioactivity (in cpm) is indicated
at the bottom of the chromatogram.
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TCA precipitated, which removed free peptide, and subjected
to gla quantitation, a peak corresponding to the position
expected for gla was detected with the carboxylase purified
from cells cultured in vitamin K (Fig. 4). In contrast, no gla
peak was observed with carboxylase purified from cells cul-
tured in the absence of vitamin K (Fig. 4). Quantitation of
individual gla, asp, and glu peaks gave a ratio of 3 mol of gla
per mol of carboxylase, and the ratio of asp-to-glu was as
expected for the carboxylase. These results show that the
carboxylase is carboxylated in vivo in a vitamin K-dependent
manner and unequivocally demonstrate that carboxylase car-
boxylation was not an artifact of the in vitro reaction condi-
tions.

Kinetics of Carboxylase and fIX Carboxylation. The rates of
carboxylase or fIX carboxylation were compared in vitro for
free carboxylase vs. free carboxylase plus profIX vs. a pre-
formed carboxylase–fIX complex. The kinetics of carboxyla-
tion of free carboxylase were rapid, with the reaction plateau-
ing within 1 min of adding vitamin K (Fig. 5A). The rate of

carboxylase carboxylation when free carboxylase was incu-
bated with profIX was virtually identical to that of free
carboxylase alone; again, complete modification occurred
within 1 min of the addition of vitamin K (Fig. 5B). Carbox-
ylase carboxylation preceded fIX carboxylation; fIX carboxy-
lation was not detected until '5 min (Fig. 5B). In contrast,
when carboxylase carboxylation was analyzed by using a pre-
formed fIX–carboxylase complex (Fig. 5C), carboxylase car-
boxylation was delayed and observed after fIX carboxylation.
Carboxylase carboxylation was not detected until 5 min, cor-
responding to the time when fIX carboxylation plateaued.
Thus, occupation of the carboxylase active site by fIX in the
complex appeared to block carboxylase carboxylation.

The turnover of profIX gla residues when incubated with
free carboxylase was '0.004 glays vs. '0.04–0.08 glays for
profIX in the complex. These values were determined by using
a peptide activity assay to quantitate the amount of carboxy-
lase. Carboxylase in complex may have an '2-fold higher
specific activity than free carboxylase (11), so at present the
precise difference in rates (i.e., 10-fold or 20-fold for complex

FIG. 5. Kinetics of carboxylation of factor IX and carboxylase. (A
and B) Pure carboxylase (Fig. 1, 14 pmol, equivalent to 106 cpmyh of
peptide activity) was incubated (A) alone or (B) with profIX (340
pmol). (C) Carboxylase–fIX complex (equivalent to 2 3 106 cpmyh of
peptide activity or 28 pmol carboxylase and presumably an equimolar
amount of fIX) was isolated by using a-C-terminal carboxylase peptide
Ab resin, as described in Materials and Methods. The fIX in the
complex is the profIX form of fIX. All three assays were performed
in a final volume of 400 ml of protein carboxylation mix, and at timed
intervals after the addition of vitamin K hydroquinone (20 mg),
aliquots (40 ml) were withdrawn and the reaction was quenched by the
addition of 40 ml of SDSyPAGE loading buffer. The samples were then
analyzed by SDSyPAGE and PhosphorImager analysis by using 14C-
methylated BSA standards to convert the PhosphorImager signal to
cpm. The 50- and 60-kDa profIX forms in B are indicated by two lines
on the left.

FIG. 3. Analysis of carboxylase isolated from a r-carboxylase BHK
cell line. (A) Solubilized microsomes were prepared from r-
carboxylase BHK cells cultured in the presence or absence of vitamin
K (vit K). Duplicate samples (50 mg) were incubated in an in vitro
protein carboxylation reaction for 1 h and then processed by using
SDSyPAGE and PhosphorImager analysis. (B) Carboxylase ('200 ng)
purified from the solubilized microsomes by chromatography on an
a-C-terminal carboxylase peptide Ab column was analyzed by SDSy
PAGE and silver staining.

FIG. 4. Gla analysis of carboxylase purified from r-carboxylase
BHK cells. Carboxylase purified from r-carboxylase BHK cells cul-
tured with or without vitamin K (20 pmol each, Fig. 3B) was TCA
precipitated and base hydrolyzed. The amino acid hydrolysates were
resuspended in 100 ml of water, and triplicate aliquots were analyzed
by HPLC. The numbers above each peak indicate the retention times.
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vs. free carboxylase plus profIX) is not known and will require
a better assay for quantitating carboxylase.

The gel pattern of fIX carboxylation was also different when
a preformed complex vs. free carboxylase plus profIX was
analyzed. A ladder of fIX forms was observed at early times in
the carboxylation of the complex (1 min, Fig. 5C), with the
most abundant form having a molecular mass of '50 kDa. By
5 min, the most abundant form had shifted to a molecular mass
of '60 kDa. This 60-kDa form is presumably the extensively,
or fully, carboxylated fIX that migrates slower because of the
increase in the number of negative charges (12 molymol fIX)
altering SDS binding. In contrast, the incubation of free
carboxylase with profIX resulted in only limited conversion of
the 50-kDa fIX form to 60 kDa, even after much longer times
of incubation (Fig. 5B). For example, when the 50-kDa band
at 30 min and 60-kDa band at 60 min were quantitated, only
15% conversion was observed. However, fIX carboxylation
clearly was occurring over the 2 h assayed, as evidenced by the
linear increase in cpm into the 50-kDa fIX form over this
period. This contrast in the efficient shift from 50 kDa to 60
kDa in the complex vs. limited conversion when free carbox-
ylase was incubated with profIX suggests differences in pro-
cessivity in the two assays.

DISCUSSION

We report the discovery of vitamin K-dependent carboxylase
carboxylation. In vivo carboxylation was demonstrated by using
gla analysis on pure carboxylase from r-carboxylase BHK cells
(Figs. 3B and 4). In vitro carboxylase carboxylation also was
demonstrated, both by gla quantitation on pure carboxylase
(Fig. 2) and also by analyzing carboxylation in baculovirus-
infected insect cells (Fig. 1C), which lack endogenous carbox-
ylase. A total of 3 mol of gla per mol of carboxylase was
indicated by both the in vitro and in vivo analyses (Figs. 2 and
4). Precedence for enzymatic self-modification exists in other
systems, for example autophosphorylation of several protein
kinases (22). However, a mechanism of self-carboxylation
never has been proposed for the carboxylase and comes as a
surprise, given the lack of homology between the carboxylase
and the previously known VKD proteins. These family mem-
bers all share two homologous regions, one comprising the
recognition sequence for the carboxylase (23) and the other a
portion of the gla domain. A limited amount of homology was
observed between the carboxylase (aa 495–518 for the human
homolog) and the carboxylase recognition sequence of the
matrix gla protein but not of any of the other VKD proteins.
In addition, the carboxylase does not share any apparent
homology with the VKD proteins in their gla domain, and so
there was no reason to predict carboxylase carboxylation.

Carboxylation of the carboxylase occurred in the absence of
propeptide (Figs. 1C and 3A), which is of interest with respect
to the demonstrated ability of the propeptide to activate
peptide carboxylation (24) as well as to a proposed role for the
propeptide in regulating protein carboxylation (16). Our re-
sults agree with previous ones showing that exogenously added
propeptide can activate peptide activity (24): Peptide carbox-
ylation in r-carboxylase BHK cells or in baculovirus(carboxy-
lase)-infected insect cells was stimulated 40- or 100-fold,
respectively, by the addition of propeptide to the in vitro
reaction (data not shown). However, carboxylase carboxyla-
tion was observed in microsomes from both sources, despite
the absence of propeptide (Figs. 1C and 3A).

As described above, a region within the carboxylase with
potential homology to the matrix gla protein carboxylase
recognition sequence was identified (16), and a model was
proposed in which this part of the carboxylase acts as an
inhibitory domain, shielding the active site and preventing
promiscuous carboxylation of non-VKD proteins. The VKD
proteins, which contain the carboxylase recognition sequence,

would compete with this carboxylase sequence, thereby allow-
ing their modification by the carboxylase. This model of the
carboxylase existing in a closed conformation in the absence of
propeptide has not yet been tested; however, our results clearly
show that carboxylase carboxylation does not require the
putative open conformation. Carboxylase carboxylation in a
closed conformation could be consistent with the model if it
occurs by an intramolecular mechanism, which is very likely
the case. We found that the rate of carboxylase carboxylation
was independent of the enzyme concentration (data not
shown), suggesting cis-carboxylation of the carboxylase.

The difference in kinetics of fIX and carboxylase carboxy-
lation observed when the two were in a complex vs. added as
separate components may provide insight into the function of
carboxylase carboxylation, i.e., in regulating the carboxylation
of the VKD proteins. When carboxylase was assayed either
alone or when coincubated with profIX, it was carboxylated
within the first minute of the reaction (Fig. 5 A and B). In
contrast, when analyzed by using a preformed carboxylase–fIX
complex, carboxylase carboxylation was delayed, and the onset
of carboxylase carboxylation correlated with the apparent
completion of fIX carboxylation (Fig. 5C). Thus, fIX bound to
the carboxylase active site blocked carboxylase carboxylation.
After fIX carboxylation, the active site is freed, allowing
subsequent access of glu residues in the carboxylase for
modification. Carboxylation of the carboxylase may facilitate
the release of the fIX product: The introduction of three
negative charges into the carboxylase could result in repulsion
between the carboxylase and the anionic fIX gla domain.

An increase in fIX release due to carboxylase carboxylation
could manifest in decreased processivity of the carboxylase and
could account for the differences in fIX carboxylation we
observed when fIX was analyzed as an independent compo-
nent vs. a preformed complex with carboxylase (Fig. 5 B and
C). When profIX and carboxylase were incubated together,
carboxylase carboxylation was shown to precede fIX carbox-
ylation (Fig. 5B). Thus, the fIX was being modified by a
carboxylated carboxylase in this assay. In contrast, when fIX
was analyzed in a fIX–carboxylase complex, the fIX was shown
to be modified by an uncarboxylated carboxylase (Fig. 5C).
Two significant differences were observed in the carboxylation
of fIX when analyzed as an independent component vs. in a
preformed complex. First, the rate of profIX carboxylation
when incubated with free carboxylase (Fig. 5B) was extremely
slow, with a turnover (0.004 glays) 2–3 logs lower than ob-
served for the peptide substrate Boc-Glu-Glu-Leu-Ome ('1
glays) (11) and a rate 10- to 20-fold lower than for carboxy-
lation in the complex (Fig. 5C). Second, the gel pattern of fIX
carboxylation was different in the two assays. FIX in the
complex showed a dramatic and complete shift in molecular
mass forms during the reaction (Fig. 5C), suggesting a highly
processive mechanism of fIX carboxylation that converts fIX
to the near or fully carboxylated form. However, when free
profIX was incubated with carboxylase (Fig. 5B), only a limited
amount of the fIX was shifted to the higher molecular mass
form. This limited conversion is consistent with the results
obtained by Morris et al. (5); when bovine liver carboxylase was
incubated with a fIX derivative substrate and the products
were analyzed, most of the fIX product was undercarboxylated
(i.e., 1–11 glas per mol fIX), and only a small amount of fully
carboxylated fIX was observed (5). The contrast in fIX car-
boxylation that we observed in the two assays is consistent with
differences in processivity, and these differences correlate with
the carboxylation of the carboxylase. Thus, the carboxylated
carboxylase may increase the rate of release of partially
carboxylated fIX, resulting in decreased processivity and ac-
counting for the differences in fIX carboxylation observed
(Fig. 5 B vs. C). We currently are testing the processivity of
carboxylase on fIX when the two are in a complex or added as
separate components as a first step toward assessing the
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potential role of carboxylase carboxylation in product release
andyor processivity.

The discovery of carboxylase carboxylation has potentially
broad implications with respect to the mechanism of VKD
protein carboxylation, which need to be considered in future
experiments as well as retrospectively. All previous in vitro
carboxylation studies have been performed by using a count-
based assay, and so the state of carboxylase carboxylation
cannot be reevaluated. The rapid rate of carboxylation that we
observed with pure carboxylase (Fig. 5) as well as in crude
systems (Fig. 1C), however, would argue that, regardless of the
source of carboxylase (i.e., whether from Warfarin-treated or
vitamin K-containing or lacking cells or tissue), with all
previous in vitro carboxylation assays, the carboxylase was most
likely carboxylated at the beginning of the reaction. The
identification of carboxylase carboxylation now introduces a
layer of complexity that invokes a substantial number of new
questions (Fig. 6). In addition to the questions already ad-
dressed above, i.e., whether carboxylase carboxylation affects
release andyor processivity of VKD proteins, there is also the
question of the steady–state levels of carboxylated carboxylase
in vivo; in contrast to in vitro conditions, in which the avail-
ability of vitamin K can be controlled, under normal physio-
logical in vivo conditions, there is always a constant supply of
vitamin K. There are also the issues of whether carboxylase
carboxylation occurs by an intramolecular mechanism and
whether it occurs during each turnover of a VKD protein. If
carboxylase carboxylation occurs during each turnover, then
there is the question of whether decarboxylation is required for
a subsequent enzymatic cycle. If required, then the mechanism
for decarboxylation becomes an issue: Is decarboxylation due
to reversibility of the reaction or mediated by another enzyme?
How is decarboxylation specific only for the carboxylase?
Finally, we recently have found that carboxylase carboxylation
decreases the half-life of the carboxylase in vivo (data not
shown), suggesting an additional role for this modification in

carboxylase stability. This result was obtained by using the
r-carboxylase BHK cell line that does not express any other
VKD proteins, raising the questions of whether the presence
of other VKD proteins affects the extent of carboxylase
carboxylation and consequent carboxylase stability in vivo and
what mechanism accounts for an effect of carboxylation on
carboxylase stability. Combined in vivo analyses of the carbox-
ylase as well as mutational analysis to block carboxylase
carboxylation should provide powerful tools for addressing
these new questions.
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FIG. 6. New questions raised by the discovery of carboxylase
carboxylation. The carboxylation of fIX and the carboxylase are
depicted. The enzymatic properties and fate of the carboxylated
carboxylase are open questions, which include whether carboxylase
carboxylation affects the stability of the carboxylase (3?) and whether
carboxylase carboxylation and decarboxylation occur during the turn-
over of each VKD substrate (2?). The existence of a decarboxylase
activity, either by reaction reversibility (1?) or by an unidentified
decarboxylase (2?), is also unknown.

Biochemistry: Berkner and Pudota Proc. Natl. Acad. Sci. USA 95 (1998) 471


